Introduction: There are several electromagnetic techniques that can be used for detecting surface-breaking cracks in metals, including potential drop, AC field measurement and eddy current methods. Each method possesses its own advantages and limitations in a specific application.
In recent years, the use of microwaves has shown an increasing potential and success as a new technique for non-destructive detection and evaluation of defects in metals. In this technique, the metal surface is scanned by an open-ended waveguide probe while its standing-wave characteristics are monitored using a slotted waveguide and a diode detector. The crack detection and sizing in this technique has been successfully demonstrated in the case of a long crack [1] .
The growth of fatigue in metals is a stochastic process, and starts by creating short-breaking cracks of semi-elliptical shape. In this Letter we outline the principles of using open-ended waveguide probes for the detection of cracks in metals, examine signals associated with elliptical cracks and discuss the method developed to invert crack signals to crack dimensions.
Crack detection: The geometry of an open-ended rectangular waveguide with the aperture dimensions a Â b interrogated with a semielliptical shape crack with length l, width w and depth d is depicted in Fig. 1 The dominant mode propagating in the z-direction is incident upon the waveguide aperture and is reflected from the metal surface. The crack detection is based on the measurement of the total electric field at the detector location in the interrogating waveguide probe as the probe scans the metal surface. When there is no crack within the aperture of the probe, the detector signal remains at a constant level, relating to a short-circuited waveguide. When the probe encounters the opening of a crack, the reflection coefficient is changed, indicating the existence of a crack within the probe aperture. This feature can be used to determine the crack width and length. In fact, when the scan direction is normal to the crack lips, the probe observes a non-short-circuit reflection coefficient for a distance s
semi-elliptical slot with l ¼ 27 mm, w ¼ 3.2 mm, and d ¼ 5 mm along the crack width and length. In Fig. 2 , the solid lines are the results obtained using the modelling technique described in [2] and the dashed lines are the corresponding measurement results. Also, the signals are normalised to the maximum value of the detector signal. From Fig. 2a , it is clearly seen that when the probe scans the crack along its width, the detector produces strong inflections in the signal at the two locations of the crack entry and exit, allowing an easy assessment of s y . Similarly, when the probe scans the crack along its length (Fig. 2b) , the value of s x can be readily determined by measuring the region where the detector signal is changing. Crack measurement: Before starting the crack measurement procedure, its orientation has to be known. This can be achieved by performing a two-dimensional scan of the metal surface where the strong inflection in the detector signal is indicative of crack edges. The following procedure is then performed to size the crack:
(a) Scan along the crack length and width to obtain the values of s x and s y , respectively. This is done by moving a sliding window over the detector signal to measure the average value of the signal slope. A comparison of the results in two consecutive windows against a predetermined threshold can determine the starting and ending points of the crack signal. For the case shown in Fig. 2, s Conclusion: The principles of using an open-ended waveguide for the detection and measurement of the surface cracks in metals have been outlined. The crack sizing procedure was applied for an elliptical slot and the results of the sizing were very good, demonstrating the microwave non-destructive testing as a promising technique for crack sizing on metals.
